Background: A serious, albeit rare, sequel of therapeutic ionizing radiotherapy is delayed development of a new, histologically distinct neoplasm within the radiation field. Methods: We identified 27 cases, from a 10-year period, of intracranial tumors arising after cranial irradiation. The original lesions for which cranial radiation was used for treatment included: tinea capitis (1), acute lymphoblastic leukemia (ALL; 5), sarcoma (1), scalp hemangioma (1), cranial nerve schwannoma (1) and primary (13) and metastatic (1) brain tumors, pituitary tumor (1), germinoma (1), pinealoma (1), and unknown histology (1). Dose of cranial irradiation ranged from 1800 to 6500 cGy, with a mean of 4596 cGy. Age at cranial irradiation ranged from 1 month to 43 years, with a mean of 13.4 years. Results: Latency between radiotherapy and diagnosis of a radiation-induced neoplasm ranged from 4 to 47 years (mean 18.8 years). Radiation-induced tumors included: meningiomas (14), sarcomas (7), malignant astrocytomas (4), and medulloblastomas (2). Data were analyzed to evaluate possible correlations between gender, age at irradiation, dose of irradiation, latency, use of chemotherapy, and radiation-induced neoplasm histology. Significant correlations existed between age at cranial irradiation and development of either a benign neoplasm (mean age 8.5 years) versus a malignant neoplasm (mean age 20.3; P = 0.012), and development of either a meningioma (mean age 7.0 years) or a sarcoma (mean age 27.4 years; P = 0.0001). There was also a significant positive correlation between latency and development of either a meningioma (mean latency 21.8 years) or a sarcoma (mean latency 7.7 years; P = 0.001). The correlation between dose of cranial irradiation and development of either a meningioma (mean dose 4128 cGy) or a sarcoma (mean dose 5631 cGy) approached significance (P = 0.059). Conclusions: Our study is the first to show that younger patients had a longer latency period and were more likely to have lower-grade lesions (e.g. meningiomas) as a secondary neoplasm, while older patients had a shorter latency period and were more likely to have higher-grade lesions (e.g. sarcomas).
INTRODUCTION
Ionizing radiation is widely used to treat a variety of both intracranial and extracranial neoplastic and nonneoplastic processes. The long-term undesirable side effects of radiation therapy on the central nervous system (CNS) include tissue necrosis, vasculopathy, and radiation-induced malignancy, according to the criteria proposed by Cahan et al. [10] in 1948 and modified by Schrantz and Araoz in 1972 . [57] Although considered rare long-term sequelae, there are many reports in the literature of radiation-induced tumors following cranial irradiation. [12] [13] [14] 22, 24, 55, 62, 63] The oncogenic risk of radiation exposure has been examined in several populations, including atomic bomb survivors, [27, 34, 47, 48, 59, 69] high levels of radiation from extensive diagnostic radiographic procedures, [7, 18, 19, 28, 32, 38, 46, 64, 70] environmental or work-related exposure, [3, 9, 19, 26, 31, 39, 44] or radiotherapy to treat benign and malignant disease. [5, 8, 10, 16, 17, 20, 29, 36, 40, 41, 53, 54, 56, 57, 61, 65, 67, 68] Cranial irradiation, in the form of radiotherapy or radiosurgery, is widely used as a primary or adjuvant treatment modality for a variety of primary CNS lesions, including gliomas, ependymomas, medulloblastomas, meningiomas, pituitary lesions, and vascular malformations. Development of a radiation-induced neoplasm is a relatively rare event compared to other long-term complications of radiation therapy. The first report of a radiation-induced tumor of the CNS was by Mann et al. [43] in 1953. Since 1960, over 280 radiationinduced tumors have been reported in the literature. The most commonly described intracranial radiation-induced malignancies include meningioma, sarcoma, and glioma. Ependymoma, schwannoma, primitive neuroectodermal tumor (PNET), and pituitary adenoma have been rarely described.
We performed an institutional review of our experience in treating radiation-associated tumors to aid in the further study and prevention of these lesions. We were able to identify 27 cases of radiation-induced intracranial tumors, including two rare radiation-induced medulloblastomas. Patient data were analyzed to evaluate possible correlations between gender, age at irradiation, dose of irradiation, latency, use of chemotherapy, and radiation-induced neoplasm histology.
MATERIALS AND METHODS
After obtaining Institutional Review Board (IRB) approval for the collection of this data and the submission of this manuscript, we queried a comprehensive institutional database to identify patients with intracranial tumors treated at our institution between 1990 and 2000. The charts of those patients with new brain tumors who had received therapeutic cranial irradiation were reviewed to identify patients who developed secondary neoplasms that met the Cahan [10] criteria for radiation-induced malignancy: 1) occurrence in the field of irradiation used to treat the primary disease; 2) absence prior to irradiation and appearance after a period greater than 1 year following irradiation; 3) histological distinction from the primary neoplasm; and 4) absence of known genetic or familial predisposition to multiple or secondary malignancy.
Individual case data [ Table 1 ] including the medical record, diagnostic and portal images, and histology specimens were analyzed for gender, original diagnosis, age at radiation treatment, port location and total radiotherapy dose, use of adjuvant chemotherapy, age at presentation of secondary tumor, location and histological diagnosis of radiation-induced tumor, treatment for radiation-induced tumor, and survival. 
RESULTS
Latency between radiotherapy and diagnosis of a radiation-induced neoplasm ranged from 4 to 47 years (mean 18.8 years). Radiation-induced tumors included: meningiomas (14), sarcomas (7), malignant astrocytomas (4), and medulloblastomas (2). Data were analyzed to evaluate possible correlations between gender, age at irradiation, dose of irradiation, latency, use of chemotherapy, and radiation-induced neoplasm histology. Significant correlations [ Table 2 ] existed between age at cranial irradiation and development of either a benign neoplasm (mean age 8.5 years) versus a malignant neoplasm (mean age 20.3 years; P = 0.012), and development of either a meningioma (mean age 7.0 years) or a sarcoma (mean age 27.4 years; P = 0.0001).
There was also a significant positive correlation between latency and development of either a meningioma (mean latency 21.8 years) or a sarcoma (mean latency 7.7 years; P = 0.001). The correlation between dose of cranial irradiation and development of either a meningioma (mean dose 4128 cGy) or a sarcoma (mean dose 5631 cGy) approached significance (P = 0.059).
Based on the recreated plans and medical record, it appears that 22 of the 27 radiation-induced tumors occurred in a high-dose radiation region (14 of 15 from the recreated plans and 8 of 12 based on the medical record). Of the remaining cases, 3 out of 27 radiationinduced neoplasms most likely developed in a low-dose radiation region (1 of 15 from the recreated plans and 2 of 12 based on the medical record). In two cases, it was not possible to assign whether the tumor occurred in a relatively high-dose or relatively low-dose radiation area.
DISCUSSION
Cranial irradiation has been used as prophylactic treatment in acute lymphoblastic leukemia (ALL), as principle treatment for tinea capitis and some vascular malformations, and in multimodality therapy for certain primary and metastatic tumors. Since the early 1970s, successful treatment of ALL includes the addition of cranial irradiation to prevent CNS relapse due to meningeal seeding. The use of radiation therapy reduced the incidence of CNS relapse from 70% to 10% and improved the ALL cure rate to greater than 50% of patients. [15, 45, 49] The improved survival has allowed time for the development of late adverse effects, including new neoplastic disease. Case reports and follow-up studies in patients in remission of ALL in the USA [4, 6, 14, 21, 23, 30, 35, 42, 50, 51, 52, 55, 66] and Europe [37] suggested an increased risk of a new malignancy, particularly CNS malignancy, associated with cranial irradiation.
Before the introduction in 1959 of the antifungal griseofulvin, X-ray epilation of the scalp was the standard treatment for tinea capitis. For decades, the AdamsonKeinbock technique was used, resulting in brain parenchyma exposure ranges of 175 cGy at the surface to 70 cGy at the base. [1] Two long-term studies examined the relation between radiotherapy in childhood for tinea capitis and the subsequent development of tumors within the field of radiation. A total of 13,049 patients were included and maximum follow-up periods were 29 years in a study of patients at New York University [2] and 33 years in a study of patients in Israel. [53] Data from 2215 patients at New York University Medical Center showed a higher incidence of tumors of brain, parotid, skin, bone, and thyroid tissue. [60] Data from 10,834 patients in Israel showed a relative risk for all tumors of 6.9 and a relative risk of 8.4 when only tumors of neural origin of the head and neck were considered. [54] The risk of developing a secondary malignancy within the original field of irradiation increases with radiation doses as low as 1-2 Gy. [54] A growing number of cases, including those induced by stereotactic radiosurgery, [58, 71] are being presented in the literature. Carlson et al. identified 13 histologically verified intracranial malignancies occurring in the stereotactic radiation fields within the literature. [11] One case involved a 25-year-old female with history of neurofibromatosis who had undergone stereotactic radiosurgery to a right and then a left vestibular schwannoma at the age of 16 and 18 years, respectively. She then developed a rhabdomyosarcoma of the right medulla 10 years later within her prior stereotactic radiation fields. [11] Another case in the literature documented a 70-year-old female with prior history of left occipital region meningioma treated with stereotactic radiosurgery who then developed a GBM 7 years following the procedure in the radiation treatment fields. [71] Our study is the first to show that younger patients had a longer latency period and were more likely to have lower-grade lesions (e.g. meningiomas) as a secondary neoplasm, while older patients had a shorter latency period and were more likely to have higher-grade lesions (e.g. sarcomas).
No threshold radiation dose has been identified for malignant transformation; however, a majority of the secondary malignancies that developed from cranial radiation in this study appeared to fall within the high dose region of radiation, which ranged from 1800 to 6500 cGy. Although the volume of tissue irradiated could not be assessed in this analysis, it would seem intuitive that the more tissue irradiated, the increased likelihood of developing a secondary malignancy.
An important caveat to point out from this study is that all of the patients included in this analysis received radiation at least two or more decades ago when radiation treatment planning was cruder with larger, less conformal volumes and less accurate tumor targeting. CT planning had yet to be developed, making it more difficult to precisely delineate the tumor and thereby requiring more generous margins to prevent tumor misses. Additionally, treatment machines were much less sophisticated and consisted of Cobalt 60, orthovoltage machines, and lowenergy linear accelerators. Variable energies, complex beam shaping, and multi-beam arrangements were unavailable during this era. Tumor imaging was also limited as MRI had yet to gain widespread use. Based on these limitations, patients treated with cranial irradiation several decades ago required large, simple fields, where a large volume of the cranium was included in the treatment portals.
Significant advances in radiation oncology have led to more conformal and targeted therapy, but it is unclear if these new techniques and technological advancements will decrease the risk of radiation-induced malignancies, particularly given the fact that conformal treatment planning and use of alternate radiation sources can expose more normal tissue to lower doses of radiation. [25, 33] Careful monitoring and close follow-up of patients treated within cranial radiation in this more advanced era will help to answer this question.
CONCLUSION
Younger age at the time of radiation and longer latency period prior to diagnosis of a radiation-induced neoplasm increase the likelihood of benign tumor development. Conversely, older aged patients and shorter latency periods increase the risk of more malignant secondary neoplasms. As survival time increases for patients undergoing cranial radiation therapy with the development of more efficacious radiotherapy technologies and chemotherapeutic agents, the clinician must keep in mind the risk of secondary neoplasms.
